Habenular nuclei play a key role in the control of motor and cognitive behavior, processing emotion, motivation, and reward values in the brain. Thus, analysis of the molecular and cellular mechanisms underlying the development and evolution of this region will contribute to a better understanding of brain function. The Fgf8 gene is expressed in the dorsal midline of the diencephalon, close to the area in which the habenular region will develop. Given that Fgf8 is an important morphogenetic signal, we decided to investigate the role of Fgf8 signaling in diencephalic development. To this end, we analyzed the effects of altered Fgf8 expression in the mouse embryo, using molecular and cellular markers. Decreasing Fgf8 activity in the diencephalon was found to be associated with dosage-dependent alterations in the epithalamus: the habenular region and pineal gland are reduced or lacking in Fgf8 hypomorphic mice. Actually, our findings indicate that Fgf8 may be the master gene for these diencephalic domains, acting as an inductive and morphogenetic regulator. Therefore, the emergence of the habenular region in vertebrates could be understood in terms of a phylogenetic territorial addition caused by de novo expression of Fgf8 in the diencephalic alar plate. This region specializes to permit the development of adaptive control of the motor function in the vertebrate brain.
Introduction
The habenular nuclei (Hb) and pineal gland (pg) constitute the epithalamus (ETh) in the dorsal diencephalon and are involved in pain processing, sleep-wake cycles, stress responses, and learning (Andres et al., 1999) . Hb neurons suppress or facilitate motor and cognitive actions by means of dopaminergic-mediated mechanisms in the striatum, thus representing a new perspective to understand subcortical mechanisms of cognitive and emotive behaviors (Matsumoto and Hikosaka, 2007; Hikosaka et al., 2008) . As a consequence, an analysis of Hb ontogenesis could contribute to our understanding of the molecular mechanisms in development and evolution that led to improve experience-related motor adaptation in vertebrate brains.
After neurulation, the diencephalon expresses Fgf8, a gene that is necessary for normal development of the forebrain (Garel et al., 2003; Storm et al., 2006) and midbrain/hindbrain region (Crossley and Martin, 1995; Martinez et al., 1999; Chi et al., 2003) . Recently, several studies have examined the role of Fgf8 in the activity of two secondary organizers (Echevarría et al., 2003) : the anterior neural ridge and the isthmic organizer (Chi et al., 2003; Alexandre et al., 2006; Nakamura et al., 2008) . These regions are known to generate positional information controlling the histogenesis of neighboring domains.
The diencephalon is a complex region subdivided into three prosomeres, whose alar territories are as follows: P1 (pretectum), P2 (thalamus, Hb, pg, and choroid plexus), and P3 (prethalamus) (Puelles and Rubenstein, 2003) . The zona limitans intrathalamica (ZLI) is a central boundary between the prethalamus and the thalamus that expresses sonic hedgehog (Shh), regulating both ventrodorsal and anteroposterior regionalization of the diencephalic neuroepithelium (Larsen et al., 2001; Kiecker and Lumsden, 2004; Zeltser, 2005; Scholpp et al., 2006; Vieira and Martinez, 2006; Szabó et al., 2009; Vue et al., 2009) . In addition to Shh, other morphogenetic signals provided by the roof plate mediate patterning activity in the diencephalon, including Wnts (Yamaguchi, 2001; Braun et al., 2003; Zhou et al., 2004; Lavado et al., 2008) and Bmps (Furuta et al., 1997; Lim et al., 2005) .
A plethora of works have examined diencephalic regionalization and the role of Shh, Wnt, and Bmp signals (Lim and Golden, 2007) . However, the function of Fgf8 in the diencephalon has not been sufficiently analyzed in detail. Indeed, a recent paper suggested a relevant role for Fgf8, since its ectopic expression produced alterations in the molecular and structural patterns of the mouse embryo and postnatal diencephalon (Kataoka and Shimogori, 2008) . Thus, our aim here was to elucidate the molecular mechanisms underlying the suspected physiological activity of Fgf8 in diencephalic patterning and development. To this end, we analyzed two Fgf8 hypomorphic mouse lines with reduced levels of Fgf8 (Fgf8 neo /neo and Fgf8 null /neo ) (Meyers et al., 1998) . We show that normal expression of Fgf8 is necessary for the development of the Hb and pg in a dose-dependent manner. Furthermore, we show that Fgf8 signal promotes cell prolifera-tion and specifies regional characteristics in the dorsal diencephalon to generate a new dorsal domain that will develop as the epithalamus. The development of the Hb and the pg in vertebrates is regulated by the expression of an adequate dosage of Fgf8.
Materials and Methods
Mouse lines and genotyping. All animal experiments were performed in compliance with the Spanish and European Union laws on animal care in experimentation (Council Directive 86/609/EEC) and have been analyzed and approved by the Animal Experimentation Committee of our university. All Fgf8 and Wnt1 mutant mice were maintained on a C57BL/6 genetic background and generated as previously described (Chi et al., 2003) . Green fluorescent protein (GFP) mutant mice were bred in our animal facilities. These mice ubiquitously express the GFP protein under the control of the ␤-actin promoter (Okabe et al., 1997) . Fgf8 neo /ϩ and Fgf8 null /ϩ mice were bred appropriately to produce Fgf8 neo /neo and Fgf8 null /neo mice. Wnt1 ϩ/Ϫ mice were bred to obtain null mutant homozygotes. PCR genotyping was performed as previously described (McMahon et al., 1992; Meyers et al., 1998) . To stage the embryos, the morning the vaginal plug was detected was considered as embryonic day 0.5 (E0.5). Heterozygous Fgf8 neo /ϩ , Fgf8 null /ϩ , and Wnt1 ϩ/Ϫ embryos did not present any abnormal phenotype and were used together with Fgf8 ϩ/ϩ and Wnt1 ϩ/ϩ embryos as controls. In situ hybridization. Embryos were collected at various stages of gestation and were fixed overnight in 4% paraformaldehyde in PBS at 4°C. After fixation, embryos were rinsed in PBT (PBS with 0.1% Tween 20), dehydrated in an ascending ethanol series, and stored in 100% ethanol at Ϫ20°C before processing. Whole-mount in situ hybridization was performed as described previously . Digoxigenin and fluorescein-labeled RNA probes were prepared from plasmids kindly provided by the following: G. R. Martin, University of California, San Francisco, San Francisco, CA (Fgf8), J. Guimera, Institute of Developmental Genetics, München, Germany (Wnt1), S. Lindsay, University of Newcastle, Newcastle, UK (Wnt8b), J. A. Belo, Universidade do Algarve, Faro, Portugal (Mkp3), J. L. R. Rubenstein, University of California, San Francisco, San Francisco, CA (Bmp4, Dlx2), M. Frohmann, Stony Brook University, Stony Brook, NY (Gbx2), A. Lumsden, King's College London, London, UK (Irx3), and A. McMahon, Harvard University, Cambridge, MA (Shh). RNA-labeled probes were detected by alkaline phosphatase-coupled anti-digoxigenin and antifluorescein antibodies (Roche Diagnostics), and NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate) was used as a chromogenic substrate to detect the digoxigenin-labeled probes (Roche Diagnostics), whereas INT/BCIP (iodonitrotetrazolium/5-bromo-4-chloro-3-indolyl phosphate) was used for the detection of the fluorescein-labeled probes (Roche Diagnostics). After hybridization, embryos were washed in PBT and stored at 4°C in PBT with 0.1% sodium azide.
Histological analysis and immunohistochemistry. For immunohistochemistry, embryonic brains were either embedded in paraffin wax (Polysciences) and sectioned at 8 -12 m, or cryoprotected, embedded in Tissue-Tek (Richard-Allan Scientific), and sectioned at 20 m by means of a cryostat. Immunostaining with rabbit anti-phosphohistone-3 (PH3) (1:500; Millipore) was performed as described by Gimeno and Martinez (2007) . Immunostaining with anti-Brn3a (also known as Pou4f1) (1:20; Santa Cruz Biotechnology) was performed as described previously . Cresyl-violet staining and anti-calbindin (CB) (1:1000; Swant), anti-calretinin (CR) (1:1000; Swant), and anti-caspase3 staining (1:500; BD Biosciences Pharmingen) were performed on cryostat sections, following the manufacturer's recommendations. The presence of antibodies to PH3, CB, and CR was detected using biotinylated anti-rabbit IgG and peroxidaseconjugated streptavidin (1:500; ABC Elite kit; Vector Laboratories). The staining reaction was performed using 3,3Ј-diaminobenzidine and hydrogen peroxide. Sections were mounted in Eukitt. Caspase-3 immunoreactivity was detected using biotinylated anti-rabbit IgG and Texas Red-conjugated streptavidin (1:1000; Vector Laboratories). Sections were mounted in glycerol and analyzed using a dissection microscope.
Cell proliferation and apoptosis analysis. E11.5 and E13.5 embryos were sectioned in the coronal plane. Sections were stained using either PH3 or caspase-3 immunohistochemistry. The number of PH3 ϩ nuclei and caspase-3 ϩ cells in the neuroepithelium was calculated for the dorsal part of the alar plate of the P2 diencephalon. Boxes were ϳ10,500 m 2 and were located from the epithalamus to the thalamus. These boxes are located in the most dorsal domain of the alar P2 in mutants.
Microsurgery. Fertilized chick (Gallus gallus) eggs were incubated at 37°C in a forced-air incubator and staged according to Hamburger and Hamilton (1995) . HEK Fgf8-expressing cells (the plasmid was kindly provided by J. Guimera) or nontransfected cells were implanted into the right side of the prospective epithalamus of chick embryos at Hamburger and Hamilton stage 10 (HH10) (Garcia-Lopez et al., 2004) . After surgery, the eggs were sealed and incubated until HH30 (7 d of incubation), and then fixed overnight in 4% paraformaldehyde. After fixation, the embryos were rinsed in PBT, dehydrated by successive incubations in ascending concentrations of ethanol, incubated in butanol 100% for 1 h, and then embedded in paraffin wax before being sectioned and processed for immunohistochemistry.
Preparation of organotypic cultures: application of fluorescent tracer and isochronic transplants. Embryos were prepared for organotypic culture according to the technique described previously ). However, mouse E9.5 neural tubes were dissected and were opened through the ventral midline, by opening the tube in a caudal-to-rostral direction, from the level of the otic vesicle to the optic vesicle. Implantation of Fgf8-soaked beads (R&D Systems) or beads soaked in PBS was performed as previously described (Crossley et al., 1996; . Heparin acrylic beads (Sigma-Aldrich) were used. For organotypic cultures of embryos at E13.5, the telencephalic vesicles were removed, neural tubes were dissected and were opened through the ventral midline. 1,1Ј-Dioctodecyl-3,3,3Ј,3Ј-tetramethylindo-carbocyanine (DiI) crystals were placed in the ventricular epithalamic neuroepithelium. The epithalamus is clearly distinguishable at E13.5 as a small protrusion in which the retroflexus tract has its origin and in which the stria medullaris ends. Explants were cultured for 20 h and then photographed under a dissecting fluorescence microscope. Homotopic and isochronic Figure 1 . Dynamic expression of Fgf8 in the developing diencephalon. A, B, Whole-mount in situ hybridization of Fgf8 in dissected brains at E10.5 and E11.5, respectively. A, Strong expression of Fgf8 is observed in the cortical plate, isthmic organizer, hypothalamus, and dorsal diencephalon. B, In the diencephalon, Fgf8 expression is present from dorsal P3 to dorsal P2. C, D, Sagittal sections of brains at E12.5 and E14.5, respectively. Fgf8 expression in the dorsal diencephalon covers the dorsalmost region of the alar P3 and P2 (from the prethalamic eminence to the epithalamus). Abbreviations: cp, Commissural plate; cpx, choroid plexus; D, diencephalon; ETh, epithalamus; Hy, hypothalamus; IthO, isthmic organizer; M, mesencephalon; P1, prosomere 1; P2, prosomere 2; P3, prosomere 3; pg, pineal gland; PThE, prethalamic eminence; Rh, rhombencephalon. Scale bar: (in A) A, C, D, 1 mm; B, ϳ800 m. grafts were performed by using GFP mice as donors. The epithalamus from donor organotypic cultures (obtained from GFP mice) was grafted into the epithalamus of E13.5 wild-type (WT) organotypic cultures, which were subsequently cultured for 36 h.
Results

Dynamic expression of Fgf8 in the diencephalon
We performed in situ hybridization at different stages of embryonic development to follow the pattern of expression of Fgf8 in the developing mouse diencephalon. At early stages of development, from E8.5 to E9.5, Fgf8 appeared in the neural epithelium on the midbrain/ hindbrain region and in the dorsal midline of the anterior neural plate. As development progresses, at E10.5, anterior expression extended caudally toward the prethalamic eminence (PThE) in the anterior diencephalon (P3) (Fig. 1A) . Afterward, this diencephalic domain of Fgf8 expression progressively expanded from the PThE to the ETh, in narrow bilateral longitudinal domains close to the roof plate, at the insertion of the choroid plexus (cpx) in the thalamic alar plates: the tenia thalami, reaching caudally the pineal stalk by stage E12.5 ( Fig. 1 A-C) . Subsequently, at E14.5, when the diencephalon has developed into a more complex cellular structure, the expression of Fgf8 was maintained in this longitudinal domain of the tenia thalami from the PThE to the ETh (Fig. 1 D) . Analysis of later developmental stages revealed that Fgf8 is no longer expressed in the developing diencephalic neuroepithelium (data not shown). This domain of Fgf8 expression in the mouse diencephalon is equivalent to that reported in the developing chick diencephalon (Crossley et al., 2001) .
To define the anteroposterior location of Fgf8 expression in the dorsal diencephalon with greater precision, we performed whole-mount double in situ hybridization for Fgf8 and Shh; this allows visualization of the ZLI at the P3/P2 limit ( Fig.  2 A, D,G). As early as E10.5, Fgf8 expression was not restricted to the PThE, but also covered a domain posterior to the ZLI, in the anterior ETh (Fig. 2 A) . As described above, this epithalamic domain progressively extended caudally to reach the pineal stalk in the roof plate at E12.5 (Fig. 2 D 
, G).
We decided to look for possible alterations in the pattern of expression of Fgf8 and Shh in Fgf8 mouse hypomorphs. Whereas Shh expression in the ZLI was not modified in the hypomorphs, the dynamic pattern of Fgf8 expression in the diencephalon was disrupted. This can be clearly seen in Figure 2 D-I, which shows how, in both Fgf8 neo /neo and Fgf8 null /neo embryos, the diencephalic expression of Fgf8 was still present in the prethalamic tenia thalami, but the expressing domain in the epithalamic tenia was progressively reduced in its caudal extension. Thus, these mutants present an anterior shift of Fgf8 expression in the tenia thalami that was progressively more evident in more severe mutants. Additionally, the data reported by Meyers et al. (1998) , together with our Mkp3 expression analysis in the diencephalon ( neo /neo embryos (B, E, H ), and Fgf8 null /neo embryos (C, F, I ). Three different embryonic stages have been studied for each genotype; embryos at E10.5 (A-C), embryos at E11.5 (D-F ), and embryos at E12.5 (G-I ). D-F, Higher-power view of the insets in D-F, respectively, showing Mkp3 expression by in situ hybridization. A-I, The long arrows indicate the most dorsal region of the PThE and ZLI, whereas the short arrows indicate the caudal edge of Fgf8 expression.D-F,ThelongarrowsindicatethePThE,whereastheshortarrowsindicatecaudallimitofMkp3expression.InD,E,andG-I, the left telencephalic hemisphere was removed to enable visualization of the diencephalon. J, Histograms presenting as percentages the average Ϯ SD of the distance between the dorsal tip of ZLI and the caudal edge of Fgf8 expression (to measure Fgf8 expression domain) or the D-M limit (to measure caudal diencephalic length). The asterisks indicate the values that were found to be statistically significant by t test analysis [control (n ϭ 7), 97.43 Ϯ 3.6; Fgf8 neo /neo (n ϭ 7), 76.58 Ϯ 8.37 (0.08); and We show quantitative data that support the anterior shift of Fgf8 expression in the ETh. We examined the size of the caudal diencephalon (from the ZLI to the limit between P1 and the mesencephalon) and the size of Fgf8 expression domain (from the ZLI to the caudal edge of this domain) in WT and mutant embryos (Fig.  2J) . We have detected a significant reduction of the Fgf8 expression domain in the ETh of the hypomorph embryos: while at E12.5 this domain covers in WT embryos the 34% of the caudal diencephalon, in the hypomorphs it covers only the 24-22%. The reduction of diencephalic length is only significant in Fgf8 null/neo embryos (Fig. 2J ).
Dorsal structures are diminished or absent in the diencephalon of Fgf8 mutants
The level of functional Fgf8 mRNA in Fgf8 neo /neo and in Fgf8 null /neo embryos has been estimated to be ϳ40 and 20%, respectively, of that found in wild-type embryos (Meyers et al., 1998) , the cause of the phenotype being thought to lie in the midbrain/hindbrain and anterior prosencephalic regions (Chi et al., 2003; Storm et al., 2006) . To determine the role of Fgf8 expression in the diencephalon, we first examined the possible anatomical effects of reducing Fgf8 expression during the development of the diencephalon. Brains of E17.5 embryos expressing different amounts of functional Fgf8 mRNA were processed and structurally analyzed. Analysis of sagittal and coronal sections of Fgf8 neo /neo and Fgf8 null /neo embryos clearly revealed that the severity of perturbation of diencephalic morphology is Fgf8 dosage sensitive ( Fig. 3; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). There is an obvious reduction in the size of the alar diencephalon in both its anteroposterior and dorsoventral extensions (Fig. 3A-C) . More specifically, decreased expression of Fgf8 was accompanied by a significant reduction or even absence of the diencephalic structures in which it is normally expressed (PThE neo /neo , and Fgf8 null /neo embryos. Brains were stained with cresyl violet. To ensure accurate comparison of the same brain positions, brains were aligned by comparing those sections in which the retroflexus tract was detectable (sagittal sections) and aligning the ventricular relieves (coronal sections). The marked region in A-C shows the size of the thalamus in the diencephalon. A-C, F, I, L, Analysis of lateral-sagittal sections. D, E, G, H, J, K, Analysis of coronal sections. F, I, L, Several diencephalic structures in mutant embryos present a reduced size, such as the dorsal thalamus and prethalamic eminence. D, E, G, H, J, K, Several other structures seem to be strongly reduced or disappeared (choroid plexus, habenula, and pineal gland) in Fgf8 mutants. M, The table presents the average Ϯ SD of dorsoventral (black arrows) and anteroposterior (green arrows) dimensions of the thalamus. Results of t test analyses are shown for each mutant compared with wild type. Values that are Ͻ0.05 were considered to be statistically significant. N, Histograms representing the average size (ϮSD) of the thalamus, measuring the distance from the ZLI to the retroflex tract (green arrows) and from the stria medullaris to the ventral part of alar P2 (black arrow). Abbreviations: cpx, Choroid plexus; Hb, habenula; M, mesencephalon; P1, prosomere 1; P2, prosomere 2; P3, prosomere 3; pg, pineal gland; PT, pretectum; PTh, prethalamus; PThE, prethalamic eminence; rft, retroflexus tract; sco, subcommissural organ; sHb, subhabenula; sm, stria medullaris; T, telencephalon; Th, thalamus. Scale bar: (in C) A-C, 1.6 mm; F, I, L, 900 m; D, E, G, H, J, K, ϳ200 m.
and ETh), which in turn also affected other neighboring thalamic structures.
Thus, both Fgf8 neo /neo and Fgf8 null /neo embryos presented a progressive reduction or absence (in the most severe hypomorphs) of the choroid plexus (P3 and P2 roof plates) and pineal gland (P2 roof plate) (Fig. 3 D , E,G, H, J,K ) . Moreover, the most dorsal region of the alar P2 (thalamus and epithalamus) as well as the dorsal part of the alar P3 region (PThE) were affected in Fgf8 neo /neo embryos, with this phenotype being more severe in Fgf8 null /neo embryos (Fig. 3 F, I ,L). In the ETh, the habenular nuclei together with their main efferent projection tract, the retroflexus fascicle (rtf), were reduced or absent in Fgf8 neo /neo and in Fgf8 null /neo embryos, respectively. The thalamus, located ventral to the ETh, was reduced in size, mainly in its dorsoventral extension (Fig.  3 M, N ) . The PThE was visibly reduced in its dorsal extension to the roof plate (Fig.  3 F, I,L) . Moreover, the stria medullaris (sm), which is an axonal tract that originates in the posterior septal nuclei, lateral preoptic area, and anterior thalamic nuclei, courses longitudinally into the PThE and ends in the ETh (habenular region), crossing the midline in the habenular commissure (hc), was remarkably reduced in Fgf8 neo /neo and disappeared in Fgf8 null /neo mutant embryos (Fig. 3 F, I ,L). This description corresponded to the more frequent phenotypes observed in both hypomorph genotypes, but some degree of phenotypic variability has been observed in Ͻ20% of embryos.
Concerning other areas of the P2 and P3 alar plate, we found a smaller thalamus (Th) in mutant mice as described above. However, no alterations were observed in the prethalamic derivatives (PTh).
Thus, a progressive decrease of Fgf8 signaling in Fgf8 neo /neo and Fgf8 null /neo mutants led to a progressive disappearance of the habenular region and pineal gland (the epithalamus), and, in parallel, to a size reduction of the thalamus. This phenotype may be attributable to alterations in cellular processes such as cell proliferation, cell death, and/or modifications in cellular migration. These alterations could be a consequence of Fgf8 activity reduction, either directly and/or indirectly through modification of the expression of other genes regulated by Fgf8.
Wnt1, Wnt3a, and Bmp4 expression is altered in Fgf8 hypomorphic mice
To better understand the molecular mechanisms underlying the observed structural phenotype, we carefully compared the expression patterns of other signaling genes that have been suggested to play a morphogenetic role in diencephalic development (Crossley et al., 2001; Lim and Golden, 2007) . Our analysis was focused on E11.5 mouse embryos, since, at this stage, reduced Fgf8 expression is evident in the diencephalon, in the absence of an obvious morphological phenotype (Figs. 4-8) .
Previous reports demonstrated that reductions in Fgf8 gene dosage lead to the expansion of Wnt gene expression domains in the telencephalon at E9.5 (Storm et al., 2006) . Thus, to explore whether this situation also occurs in the diencephalon, we compared the expression patterns of three Wnt genes expressed in the dorsal diencephalon: Wnt1, Wnt8b, and Wnt3a in WT and hypomorph mouse embryos. Wnt1 expression in wild-type embryos was restricted to the roof plate, from the isthmus to the ETh (Fig.   Figure 4 . Analysis of Wnt genes expressions in control, Fgf8 neo /neo , and Fgf8 null /neo embryos. A-I, In situ hybridization performed at E11.5 (A-F ) and at E10.5 (G-I ). A-C, The long arrows indicate the dorsal end of the ZLI, whereas the short arrows indicate the rostral edge of Wnt1 expression in the diencephalic neuroepithelium. The asterisks mark the D-M limit defined by morphological changes in the embryo. Note that the distance between the rostral limit of the Wnt1 expression domain and the ZLI is reduced in mutant embryos. D-F, The long arrows indicate the caudalmost region of the PThE, whereas the short arrows indicate the most ventral part of the PThE. The insets show a higher magnification of the Wnt8b expressions in the PThE (between white arrows) and telencephalic roof plate (long black arrow) in control, Fgf8 neo /neo , and Fgf8 null /neo mice. The large black arrows labeltheWnt8b-negativediencephalicroofplate,andtheasteriskslocalize in the roof plate the diencephalic-telencephalic limit. Note that the expression of Wnt8b in the PThE of Fgf8 mutant embryos is not affected (the white arrows and interarrow segments have the same size because they were copied and pasted in the three insets) and slightly affected in the telencephalic roof plate. The circles in G-I indicate the region of the diencephalon in which weak expression of Wnt3a was detected in Fgf8 neo /neo . Wnt3a expression was not detected in the diencephalon of 4 A). In embryos in which Wnt1 expression was analyzed together with Shh (as a ZLI marker), we observed that the Wnt1 expression pattern was altered in the Fgf8 mutants (Fig. 4 B, C) . These embryos presented a progressively anterior expansion of the Wnt1 expression domain, in proportion to the reduction of Fgf8 expression, suggesting that Fgf8 may control the establishment of the rostral end of Wnt1 expression in the diencephalic roof plate.
To verify this possibility, we measured the distance between the rostral end of Wnt1 expression and the position of the ZLI (marked by Shh) (Fig. 4 A-C) or the anterior limit of PThE (Fig. 4 J) . The distance between ZLI and anterior Wnt1 expression is clearly reduced in relation to the size of caudal diencephalon: from 34% in WT to 27-26% approximately in both hypomorph phenotypes (Fig. 4 K) . Wnt8b is another member of the Wnt family that is expressed in diverse regions of the mouse brain. Specifically, Wnt8b is expressed in the dorsal telencephalon (Storm et al., 2006) and in the PThE of the diencephalic alar plate, as well as in the retromamillary region of the basal plate (Fig. 4 D-F ) . Wnt8b expression in the PThE was either unaffected or only slightly affected compared with the lateral expansion seen in the telencephalic vesicle of Fgf8 null /neo mutants (Fig. 4 E, F ). Finally, a previous report using genetic fate mapping has demonstrated that the Wnt3a cell lineage contributes to diverse structures in the diencephalon, midbrain, and spinal cord (Louvi et al., 2007) . Wnt3a expression was mapped in the entire dorsal thalamic epithelium and mantle layer (Louvi et al., 2007) . However, we found that Wnt3a expression was strongly reduced in Fgf8 neo /neo and almost abolished in Fgf8 null /neo mutants, with only a narrow expression domain restricted to the dorsal midline epithelium remaining ( Fig. 4G-I ). This dose-dependent phenotype and the possible importance of the Wnt3a expression pattern in developing thalamic nuclei (Louvi et al., 2007 ) motivated us to carefully examine whether Wnt3a expression is Fgf8 dependent. Thus, we analyzed the expression of Wnt3a in mouse neuroepithelial culture explants, in which recombinant Fgf8-soaked beads were inserted to perform gain-of-function experiments. PBS-soaked beads were used as control. Fgf8 beads were inserted into the diencephalon of anterior neural tube explants from E9.5 embryos and cultured for 24 h (Fig. 5) (Echevarría et al., , 2005 . We observed that Fgf8 beads implanted in the diencephalon of E9.5 WT (n ϭ 3) and mutant (n ϭ 4) mice induced Wnt3a expression (3 of 3 WT; 4 of 4 Fgf8 null /neo ) in the neuroepithelium of the dorsal thalamus, whereas no induction was detected by inserting PBS beads, either in WT (n ϭ 2 of 2) or in Fgf8 null /neo (n ϭ 2 of 2) explants (Fig. 5C ).
Moreover Fgf8 beads were able to induce Mkp3 expression (n ϭ 2 of 2 in WT and n ϭ 2 of 2 in Fgf8 null /neo mutants), which is downstream of Fgf8 signal (Fig. 5D) , demonstrating that the experimentally generated Fgf8 signal was functional and that the hypomorphic epithelium was sensible to it. PBS-soaked did not produce any inductive effect (n ϭ 5 of 5).
Since the diencephalic dorsal midline was affected in Fgf8 null /neo and Fgf8 neo /neo embryos, we examined the expression of Bmp4, which is implicated in the regulation of the specification and differentiation of the dorsal prosencephalon (Hébert et al., 2002; Storm et al., 2006) . At E11.5, Bmp4 was expressed in the caudal region of the diencephalic roof plate, at the level of the pineal anlage, adjacent to the caudal pole of the Fgf8 expression domain (Fig. 6 A-C) , as has been reported in chick embryos (Crossley et al., 2001 ). Even though we detected Bmp4 expression in the dorsal midline of both mutant phenotypes (Fig. 6 H, I ), it appeared rostralized, closer to the telencephalic vesicles, and with a weaker expression than in WT embryos (Fig. 6 D-I ).
Effects of reduced Fgf8 expression on Gbx2, Dlx2, and Otx2 expression patterns Afterward, we analyzed the expression of the Gbx2, Dlx2, and Otx2 transcription factors, both in Fgf8 neo /neo and Fgf8 null /neo mutants at E11.5 (Fig. 7) . In the wild-type embryo, Gbx2 expression was located in the thalamic mantle layer (Fig. 7A) , whereas Dlx2 was present in the ventricular and mantle layers of the prethalamic region (Fig. 7D) (Bulfone et al., 1993; Rubenstein et al., 1994) . Gbx2 expression was progressively reduced in extension and intensity in the thalamus of both Fgf8 hypomorphic pheno- types (Fig. 7A-C) . However, there were no differences in prethalamic Dlx2 expression (Fig. 7D-F ) . Moreover, no differences were found in Otx2 expression by in situ hybridization in the diencephalon of WT and mutant embryos (data not shown).
Wnt1 activity does not modulate Fgf8, Gbx2, or Wnt3a expression in the diencephalon
To further elucidate whether the rostralized expression of Wnt1 in the diencephalon of hypomorphic embryos could have any effect on Fgf8 expression and thus be responsible for the reduced expression of Wnt3a and Gbx2, we analyzed the expression of Fgf8, Gbx2, and Wnt3a in Wnt1 Ϫ/Ϫ embryos (Fig. 8) . In all analyzed Wnt1 Ϫ/Ϫ embryos, the expression of Gbx2 (Fig. 8 A, B) , Fgf8 (Fig. 8C,D) , and Wnt3a (Fig. 8 E, F ) was found to be unaltered, suggesting that the disruption of Gbx2 and Wnt3a in the Fgf8 mutant mice is independent of Wnt1.
Reduced cell proliferation in the epithalamus of hypomorphic mice So far, we had found a reduction or disappearance of the dorsalmost structures in P2 and P3, together with a downregulation of several genes expressed in the alar and roof plates of these prosomeres during diencephalic development. Previous studies have suggested that Fgf8 functions as a proliferation factor (Lee et al., 1997; Xu et al., 2000; Sun et al., 2002) and it is required for cell survival in different developmental contexts (Sun et al., 2002; Storm et al., 2003) . To determine whether the observed failure of PThE and ETh development is caused by reduced cell proliferation, we analyzed cell proliferation in Fgf8 mutants at E11.5 and E13.5 by detecting the expression of the M-phase cell cycle marker PH3. In WT embryos, we observed that the rate of cell proliferation in the ETh was higher at E11.5 than at later stages of development (E13.5) (Fig. 9A-F ) . Moreover, at E11.5 as well as at E13.5, WT embryos have a higher mitotic index in Th and ETh than in both mutants (Fig. 9 M, N ) .
To confirm the role of Fgf8 in the control of proliferation in the diencephalic epithelium, we implanted cells that constitutively express Fgf8 into the epithalamic neuroepithelium of chick embryos at HH10. Controls consisted of injecting nontransfected cells, and the contralateral side was used as an internal experimental control. Subsequently, we explored the effect of Fgf8 on proliferation in the epithalamus after 7 d of survival. Ectopic clusters of proliferating ventricular cells as well as a significant increase in the number of proliferating PH3
ϩ cells were observed in the ETh in which Fgf8-expressing cells had been injected (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), whereas nontransfected cells did not produce any alteration on the experimental side (data not shown). These results indicate that Fgf8 expression in the ETh regulates the normal growth of the alar diencephalon, at least at the P2 level, by controlling neuroepithelial proliferation. Apart from reduced cell proliferation, we found no significant differences in the number of caspase-3-labeled dying cells in the ETh of the Fgf8 mutant embryos, at neither the E11.5 nor the E13.5 developmental stages (Fig. 9G-N ) .
Cell migration in the alar diencephalon
Neuronal migration during neural development is currently being investigated using a variety of approaches (Lim and Golden, 2007) . In our previous analysis of the diencephalic fate map in chick embryos (Garcia-Lopez et al., 2004) , we found that a subpopulation of thalamic cells derived from the epithalamic grafts migrated into the thalamic mantle layer. By extension, the reduced thalamic area found in Fgf8 mutant embryos could possibly be a consequence of failure in this migration in mutant mice, since the ETh did not develop properly. To explore the existence of this migration in mice, we prepared organotypic cultures of wild-type prosencephalic neural tube and applied DiI to the ventricular side of the epithalamus (Fig. 10A) . Twenty hours after placing the DiI crystal in the ETh, both the stria medullaris and the retroflexus tract were retrogradely and anterogradely labeled (Fig. 10 B) . Also, some DiI-labeled cells moved away from the ETh and proceeded ventrally following a tangential direction toward the thalamus (Fig. 10C, arrowheads) . To exclude positive cellular artifacts attributable to retrograde labeling and confirm this dorsoventral migration by clonal and permanent cell labeling, we performed isotopic and isochronic transplants of ETh from E13.5 ␤-actin-GFP transgenic mice into an E13.5 WT host, using neuroepithelial explants. These analyses revealed that some epithalamic-derived cells (GFP cells) migrated toward the dorsal thalamus (n ϭ 8 of 12) (Fig. 10 E, F ) .
Thus, these studies indicate that the reduction in size of the thalamus in Fgf8 hypomorphs cannot be attributed uniquely to changes in cell specification and proliferation, through modifications in the expression of Wnt3a and Gbx2. Rather, this size reduction seems also to be attributable to a reduction in the number of thalamic cells which originate in the ETh and migrate to the thalamus. Nevertheless, additional analyses will be required to identify the target thalamic nuclei that will be populated by these cells, as well as the functional phenotype of these migrating cells.
Discussion
Our results showed that dosage in Fgf8 morphogenetic activity regulates diencephalic development. Decreased Fgf8 signaling results in cellular proliferation, migration, and regionalization defects.
Fgf8 influences A/P patterning in the dorsal diencephalon
The rostralization of Wnt1 expression in Fgf8 mutants could be interpreted as a caudalization of the P2 alar plate: Wnt1 extends from P1 to cover the whole P2 roof plate, and Bmp4 expression was weaker than in WT and shifted rostrally. This is consistent with the caudalization of telencephalon after reduced Fgf signaling in zebrafish and mouse (Wilson and Houart, 2004; Storm et al., 2006) . The consequences of these molecular alterations include the disappearance of the cpx in P2 and P3, as well as severe reduction of the pg (Fig. 11) . These alterations could be attributable to the reduction of Bmp4 expression, since Bmp4 signaling could have a role in ETh development (Lim et al., 2005) . However, Golden and coworkers (Golden, 1999; Lim and Golden, 2007) showed that, even though ectopic Bmp5,4 produced diencephalic modifications, blocking Bmp receptors did not significantly modify diencephalic anatomy. Therefore, it seems likely that the ETh phenotypes were not a consequence of Bmp4 reduction. Moreover, Bmp4 downregulation in Fgf8 hypomorphs disagrees with their antagonist relationship in the telencephalic roof plate (Storm et al., 2006; Hayhurst et al., 2008) . Thus, the nature of Bmp4 regulation by Fgf8 expression exhibited regional specificity.
In contrast to findings in zebrafish (Carl et al., 2007; Bianco et al., 2008) in which the Wnt pathway regulates the bilaterality of the ETh, our results are not indicative of epithalamic asymmetry dependent on Wnt1 regulated by Fgf8.
Two recent papers dealing with Shh role in diencephalic development supported the independence of epithalamic development from Shh signal. Although Szabó et al. (2009) 
Role of Fgf8 in the formation of the ZLI and prethalamus
Fgf8 signal reduction gives rise to a progressive reduction in the expression of Shh, Nkx2.1, and Dlx5/2 in the subpallial telencephalon (Storm et al., 2006) . However, we did not find any alteration either in Shh expression in the ZLI (Fig. 2) or Dlx2 in the prethalamus (Fig. 7D-F ) . This discrepancy may be attributable to regional differences or variable phenotypic penetrance in the 
Fgf8
null /neo mutant, whereas Gbx2 expression in Fgf8 null /neo embryos is consistently affected in the diencephalon, a reduction of Dlx2 expression in the telencephalon is not evident in all cases (data not shown). Kataoka and Shimogori (2008) reported alterations in the anterior thalamus (including part of the putative prethalamic nuclei), without epithalamic modification, after Fgf8 ectopic expression or Fgf signal repression by intrauterine electroporation. The absence of anterior thalamic and prethalamic alterations in the Fgf8 hypomorph embryos suggests that the remaining Fgf8 signal in the PThE was enough to maintain the development of this region. Alternatively, Fgf8 function in the mutant prethalamus could be compensated by Shh, or another Fgf gene, for instance, Fgf15, which is expressed in the diencephalon under Shh regulation Gimeno and Martinez, 2007) . In support of this functional compensation, combinatorial effects between Fgf8 and Fgf3 are known in zebrafish diencephalic development (Walshe and Mason, 2003) .
Fgf8 regulates the D/V axis in the diencephalon
Dorsoventral regionalization is regulated during the neurulation by morphogenetic signals from the ventral and dorsal midlines. In the diencephalon, whereas the floor plate's ventralizing signal is Shh, the dorsalizing signals from the roof plate are Bmps and Wnts (Furuta et al., 1997; Braun et al., 2003; Zhou et al., 2004; Lim et al., 2005; Lavado et al., 2008) . The mild consequences of Bmp4 elimination suggest a weak role in diencephalic development.
In relation to Wnt, extension of Wnt1 in the roof plate and reduction of Wnt3a expressions in the alar plate suggested a progressive caudalization of P2 between stages E10.5 to E12.5. Progressive caudalization of the anterior diencephalon at similar developmental stages has been reported in Six3 mutant mice (Lavado et al., 2008) , suggesting that, even at intermediate stages of development, there is a dependence on specific molecular information to restrain tissue plasticity to the adequate developmental programs in the prosencephalon.
Interestingly, insertion of Fgf8 beads into the diencephalon of Fgf8 hypomorph embryos led to the activation of Wnt3a expression (Fig. 5) . This implies that Fgf8 in the dorsal diencephalon is involved in establishing the thalamic expression of Wnt3a. However, Fgf8 overexpression did not seem to affect Wnt3a (Kataoka and Shimogori, 2008) . These paradoxical results could be attributable to the fact that our molecular rescue experiments were performed using mutant embryos, in which Fgf8 signaling is reduced since the beginning of gastrulation, whereas in the electroporated embryos, the primary effects of Fgf8 signaling could be sufficient to induce and stabilize Wnt3a expression. Additional Fgf8 signal did not alter Wnt3a expression pattern, probably because of saturation of the effect in restricted sensitive domains. In fact, Fgf8 beads implanted into control explants increased Wnt3a expression in its normal domains, regulated by the isthmic and diencephalic Fgf8 signal, but did not induce ectopic expression.
We observed a reduction in Gbx2 expression in the thalamic neuroepithelium of mutants (Fig. 7) . Fgf8 signaling induce and maintain Gbx2 expression in the midbrain and diencephalon of chick embryos (Garda et al., 2001; Sato et al., 2001) , whereas in mouse, both Fgf8 and Wnt3a regulate Gbx2 expression (Liu and Joyner, 2001) . Interestingly, in Wnt1 Ϫ/Ϫ embryos, neither Fgf8, Wnt3a, nor Gbx2 expression in the diencephalon was affected, despite the potential role of Wnt signaling in thalamic development (Braun et al., 2003; Zhou et al., 2004) . Alternatively Wnt3a expression could maintain Gbx2 in the Wnt1 Ϫ/Ϫ thalamus. Together, these data indicate that the epithalamic and thalamic neuroepithelium is regionalized by, and competent to respond to, Fgf8 signaling independently of Wnt1 expression.
Similar defects in Fgf8 hypomorphs could be predicted after Fgf receptor (Fgfr) functional disequilibrium. Fgfr3 is the most sensitive receptor for the Fgf8 signal and it is expressed in the diencephalic alar plate (Blak et al., 2005; Mason, 2007) . Whereas Fgfr3 loss of function produces growth alterations and deafness in mouse (Colvin et al., 1996) , its constitutive activation generates thanatophoric dysplasia (TD) in mouse (Lin et al., 2003) and humans (Hevner, 2005) . Habenular and pineal hypogenesis is apparent in TD type II, in mouse (Lin et al., 2003) and humans [Hevner (2005), their Figs. 3 A, C, 4 A, D] . This could be attributable to increased sprouty 2 (Spry2) activity (Guo et al., 2008 ) that negatively regulates Fgf8 (Basson et al., 2008) . Conversely, Spry2 could not have a repressive activity on the Fgf8 signal in the telencephalon, in which constitutive activation of Fgfr3 produces overgrowth (Lin et al., 2003; Hevner, 2005) in keeping with the regional specificity of Fgf8 signal regulation.
Fgf8 regulates cellular proliferation and migration in the dorsal diencephalon
Fgf8 has been shown to stimulate cell proliferation in the midbrain/hindbrain region (Lee et al., 1997; Xu et al., 2000; Storm et al., 2006) and in the forebrain (Storm et al., 2006) . In our study, the epithalamus of Fgf8 mutants exhibited reduced proliferation in the absence of cell . Schematic representation illustrating diencephalic regionalization and its relation to morphogens expressed in the diencephalic neuroepithelium. The morphogenetic activity of Bmp, Wnt, and Fgf involves a gradient effect on the diencephalic alar plate, which influences ventrodorsal and anteroposterior regionalization. The Fgf8 morphogenetic gradient from the roof plate, represented by the graded light red color, controls the expression of diencephalic selector genes and is necessary for the correct specification of the diencephalic regions in vertebrates. A, Diencephalic nuclear organization in wild-type embryos. Nuclei that are capable of responding to Fgf8 are represented in red shading. B, Diencephalic nuclear organization in Fgf8 hypomorphs and its relation to other genes. Abbreviations: ETh, epithalamus; Th, thalamus; Pg, pineal gland; Hb, habenula; cpx, choroid plexus; sm, stria medullaris; dPT, dorsal pretectum; rft, retroflex tract; ZLI, zona limitans intrathalamica; VGL, ventrolateral geniculate nucleus; P1, prosomere 1; P2, prosomere 2; P3, prosomere 3; vPT, ventral pretectum; dZI, dorsal zona incerta; vZI, ventral zona incerta; tgP1, tgP2, tgP3, tegmental areas of P1, P2, and P3; M, mesencephalon; PThE, prethalamic eminence. death increasing. Consistently, injection of Fgf8-expressing cells into the epithalamus of chick embryos activated proliferation (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Thus, Fgf8 signaling could serve as a mitogenic signal that regulates dorsal diencephalic growth by controlling precursor proliferation. Curiously, reduced Fgf8 signaling in the diencephalon did not lead to an increase in cell death, in contrast to that which occurs in the midbrain/hindbrain region (Chi et al., 2003) .
Furthermore, some cells in the dorsal thalamus were found to originate from the epithalamus in mouse (Figs. 10, 11 ) and chick embryos (Garcia-Lopez et al., 2004) . Smith et al. (2006) suggested a role for Fgf8 in cell migration since exogenous Fgf8 induced the migration of cells from the ventricular zone to the cortical plate.
Evolutionary hypothesis
These experiments suggest that the expression of Fgf8 in the prosencephalic roof plate leads to the development of a dorsal column in vertebrates, which extends from the anterior telencephalon to the caudalmost P2 domain in the diencephalon. This column develops into the telencephalic pallium and the diencephalic PThE and ETh, which do not exist in primitive chordate species, such as the urochordata. Ascidians present a segment of Fgf8 expression analogous to the vertebrate midbrain/hindbrain. Conversely, they do not express Fgf8 in more rostral areas, especially in the corresponding prosencephalon; neither do they possess a pineal gland or habenular region (Ikuta and Saiga, 2007) . Therefore, the appearance of this dorsal paramedian region in vertebrates could be attributable to a phylogenetic addition (Striedter, 2005) by the de novo expression of Fgf8 in the prosencephalic roof plate. Functional maturation of ETh would then be an anatomical substrate to support the development of adaptive control of motor function in the vertebrate brain.
